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Secondary austeniteDuplex stainless steels offer an attractive combination of strength, corrosion resistance and cost. In
annealed condition duplex steels will be in thermodynamically metastable condition but when they
are subjected to intermediate homologous temperature of 475 C and below significant embrittlement
occurs, which is one of the key material degradation properties that limits its upper service temperature
in many applications. Hence the present study is aimed to study the effect of reversion heat treatment
and its time on mechanical properties of the thermally embrittled steel. The results showed that
60 min reversion heat treated samples were able to recover the mechanical properties which were very
close to annealed properties because when the embrittled samples were reversion heat treated at an
elevated temperature of 550 C which is above the (a + a0) miscibility gap, the ferritic phase was
homogenized again. In other words, Fe-rich a and Cr-rich a0 prime precipitates which were formed
during ageing become thermodynamically unstable and dissolve inside the ferritic phase.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Duplex stainless steels present good corrosion resistant and
mechanical properties hence they are being used in various pres-
sure boundary components of nuclear power plants such as pri-
mary coolant pipes, valves and pump bodies because of the
presence of the dual microstructure which consists of equal
amounts of austenite and d-ferrite phases [1]. The ratio of austenite
and d-ferrite phases mainly depends on the chemical composition.
However when DSS are subjected to the service temperature range
of about 300–500 C they undergo embrittlement due to spinodal
decomposition of highly alloyed ferrite matrix into iron rich (a)
phase and chromium rich (a0) phase. The embrittlement signifi-
cantly affects impact toughness, tensile strength, ductility, fracture
toughness and fatigue behaviour limiting the industrial applicabil-
ity of this steel to temperatures below 280 C [2].
However Blackburn and Nutting [3], Chung [4], and Konosu [5]
completely redissolved the a0 after 24 h of ageing at 550 C and
said that microstructural changes associated with thermal embrit-
tlement could be reverted by subjecting it to short term reversion
heat treatment at the temperature range of 500–600 C. But, when
DSSs are exposed to temperatures 550–600 C for a longer dura-
tion, various types of intermetallic phases, such as Sigma phase,chiral phase, R phase, and various carbides would be formed in
the ferritic phase. Hence, the mechanical properties will be signif-
icantly degraded [6]. Therefore, for the application of the reversion
heat treatment in order to alleviate the thermal embrittlement, the
possibility of inadvertent embrittlement of DSS by the reversion
heat treatment should also be carefully investigated. However, it
is not completely clear how these microstructural changes associ-
ated with reversion heat treatment co-relate with mechanical
properties of DSS and vice versa. Hence in this study an attempt
has been made for co-relating the change in mechanical and
microstructural behaviour with increasing reversion time.
Experimental procedure
Material
The material used for this investigation was commercially pure
hot rolled DSS, S2205. The chemical composition of the material
was determined by the Optical Emission Spectrometry and is given
in Table 1. The material was supplied in the form of a rod of 25 mm
diameter.Microstructureof the as received sample is shown inFig. 1.
Heat treatment
As received samples were solution heat treated at 1060 C for
60 min and then water quenched. Annealed samples were then
Table 1
Chemical composition (wt.%) of the investigated steel.
C Si Mn P S Cr Mo Ni N
0.020 0.53 1.415 0.033 0.02 21.91 2.504 4.751 0.1871
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heat treatment (R-HT). The specimens were then heated to 475 C
for 25, 50, 75 100, 500 and 1000 h and water quenched. Then to
study the recovery behaviour of thermally embrittled DSS, the
samples were subjected to R-HT, in which samples were heated
at 550 C for 30, 45, 60, 75, 90 and 120 min followed by water
quenching.
Characterization
The microstructures and fracture surface of all product forms
were analysed at higher magnifications in a JEOL JSM-6380LA scan-
ning electron microscope using the secondary electron and
backscattered imaging modes. The EDS (Energy Dispersive spec-
troscopy) analysis on the samples was also carried out for the
elemental analysis of micro and macro constituents.
TEM specimens were prepared by mechanical polishing fol-
lowed by dimpling down to 20 lm. The dimpled sample was ion
milled using Gatan precision ion milling machine. The samples
were then analysed using JEOL JEM 2100 transmission electron
microscope operated at 200kV.
Micro-Vickers hardness
Micro Vickers hardness values were measured by using a
Shimadzu HMV-G 20ST micro-Vickers hardness tester. Specimens
were polished to mirror finish and etched with Carpenters
Stainless Steel Etchant. The micro-hardness values of ferrite and
austenite phases were taken under 25 g loads for 15 s. For each
sample 10 readings were taken on each phase, and the average
of the closest 5 values has been reported.
Tensile test
The tensile samples were machined from the rolled bars in
accordance with ASTM A370-14 [8] standard for mechanical test-
ing of steel products. The gauge length of the tensile specimen
was 30 mm and the gauge diameter was 6 mm. The tensile testing
was carried out as per ASTM E8-M [9] standard using AG-X plusTM
100kN universal testing machine. A strain rate of 1 mm/min wasFig. 1. Microstructure of as received S2205 duplex stainless steel sample.employed for each specimen. Three samples were tested under
each condition and the values reported are an average of these
three values.
Charpy impact test
Charpy impact testing is performed according to ASTM A
370-13 [7] using Charpy specimen with the dimension of
10  10  55 mm3. A Charpy V notch inclusive angle of 45 a depth
of 2 mm and a root radius of 0.25 mm is machined at the centre of
the specimen.Results and discussion
Solution heat treatment
Fig. 1 shows the SEM micrograph of the as-received S2205 DSS
in the wrought form in which austenitic islands are embedded in
the ferritic matrix with some undissolved precipitates. Hence in
order to dissolve these harmful precipitates samples were sub-
jected to solutionizing treatment by heating it to 1060 C for
60 min. Solution heat treatment was also done to adjust the
austenite–ferrite phase proportions and to eliminate the macro-
segregations which can be seen in Fig. 2.
The yield strength of 456 MPa and ultimate tensile strength of
726 MPa with 42% ductility were obtained in solution heat treated
condition. It had impact strength of 296 J. The fractured surface of
solutionized tensile sample observed under SEM as shown in Fig. 3
revealed that the fracture was fully ductile with dimples through-
out the fracture surface.
475C Embrittlement
The tensile properties obtained for different ageing condition
are depicted in Table 2. The 1000h aged sample ultimate tensile
strength was increased by 35% accompanied by a 57% loss in duc-
tility. The variations of tensile properties with ageing time are
shown in Fig. 4. From the measured values of tensile properties it
is clear that the strength is increased and the ductility is decreased
with the ageing time. Tensile strength is increased as the conse-
quence of a-prime precipitation, which interferes with the motion
of dislocation. The dislocations in the form of cross stitch were
observed in the ferritic phase of the 1000h aged tensile sample
which is shown in Figs. 7 and 8. This complex dislocation structure,Fig. 2. Microstructure of solution heat treated S2205 duplex stainless steel sample.
Fig. 3. Fractograph of the solution heat treated tensile sample.
Table 2
Tensile properties of embrittled S2205 DSS for different durations.
Heat treatment Impact
toughness (J)
0.2% yield stress
(MPa)
UTS
(MPa)
%
elongation
Ageing-25h 278 498 797 40
Ageing-50h 213 540 823 33
Ageing-75h 128 603 889 26
Ageing-100h 8 861 1032 23
Ageing-500h 8 982 1125 21
Ageing-1000h 8 1032 1159 19
Fig. 5. Effect of ageing time on impact toughness.
Fig. 6. TEM micrograph of 1000h aged sample.
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the thermal expansion between austenitic and ferritic phases.
Weng et al. [11] also found similar dislocation structures after
ageing at 475 C. TEM image as seen in Fig. 7 revealed that the dis-
locations were locked in the form of modulated structure in the
ferrite phase which leads to severe embrittlement. The results sug-
gested that the embrittlement phenomenon is mainly connected
with the ferrite’s microstructural evolution. Needle like chromium
rich clusters were found in the ferrite phase as seen in Fig. 6 andFig. 4. Variation of tensile properties with ageing time.were identified as the alpha prime precipitates. [10] Ferrite phase
decomposes into Fe-rich a and Cr-rich a0 phases due to the exis-
tence of the miscibility gap in the Fe–Cr phase diagram.
Fig. 5 show the variation of room temperature impact values as
a function of ageing time. Change in impact values were plotted
against ageing time. Impact values of 8 J were obtained for samples
aged at 100, 500 and 1000 h. Hence we can say that embrittlement
reached saturation at 100h but in order to ensure that the sample
is completely embrittled and to evaluate the effectiveness of the
reversion heat treatment the samples were further aged for 1000 h.
Fig. 9 shows fracture surface of the 1000h aged impact sample.
The fractured surface shows that it was predominantly brittle
mode of fracture with cleavage facets in most regions as well as
a few sheared regions. The cleavage facets are the embrittled fer-
rite grains while the sheared grains were those of austenite. Under
impact loading in aged condition the plastic deformation is
severely constrained in the austenitic phase by the surrounding
ferrite since plastic deformation hardly occurs in the ferrite phase.
When the applied load reaches break strength of ferrite, cracks
Fig. 7. TEM image of dislocations in ferrite.
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grains, this propagation is hindered by austenite and ferrite phase
boundaries which results in the stress concentration. When the
loading is further increased, the shear stress on the crack exerts
pressure on the austenite phase and tears them off as shown in
the Fig. 9.
Reversion heat treatment (RHT)
Fig. 10, shows the engineering stress–strain curves for the spec-
imens in all heat treated condition. Table 3 depicts the mechanical
properties and restorative effectiveness of RHT. On subjecting the
1000h aged samples to reversion heat treatment we were able to
recover the tensile properties close to solutionized state. From
Fig. 11, it was evident that the strength dropped while the ductility
increased for 60 min reversion heat treated sample which was
almost very close to that of the solution heat treated condition.
This is because when the embrittled samples are reversion heat
treated at an elevated temperature of 550 C which is above the
(a + a0) miscibility gap, the ferrite gets homogenized again [12].
In other words Fe-rich a and Cr-rich a0 precipitates become ther-
modynamically unstable and dissolve quickly when they are heat
treated at a temperature of 550 C. For evaluating this restorationFig. 8. TEM image of dislocations in ferrite.phenomenon Mateo [13] defined the parameter named as
‘‘restorative effectiveness” which is given by the equation below
for yield stress and similar relationships are defined for the other
measured mechanical properties.
%R:E of yield stress ¼ ðAged yield stress Restored yield stressÞðAged yield stress Annealed yield stressÞ
ð1Þ
Fig. 12 shows the variation of restorative effectiveness of mechani-
cal properties with RHT time. At 60 min RHT 87.3% yield strength,
95.3% UTS and 86.4% ductility were restored. The reversion heat
treatment however was not able to recover completely because
with the dissolution of alpha prime precipitate in the ferrite phase
further embrittlement initiated at 60 min of reversion heat treated
samples. It is likely that R phase and secondary austenite were ini-
tiated when reversion heat treated at 550 C for 60 min. From the
results it was very clear that after 75 min reversion treatment the
tensile strength and hardness were again increasing and ductility
was decreasing which was mainly because of the formation of
R-phase and the secondary austenite. The R phase precipitates are
as seen in Fig. 14 which depicts the SEM micrograph for 120 min
reversion heat treated sample, and confirm that a very fine R phase
(white spots) is precipitated continuously throughout the ferritic
phase. Chemical composition of secondary austenite and R phase
was obtained from Electro Dispersive Spectrometry which is as
shown in Table 4 clarified that the R phase is as an intermetallic
compound with higher Mo and Ni contents.
Secondary austenite (c2) is the phase transformation product of
ferrite with FCC crystal structure and it had a significant difference
in the chemical composition with primary austenite [14]. From
Fig. 13 we can see that c2 has occurred like coupled lamellar
growth which is formed at c/a phase boundaries and is also
formed at the interior of the ferrite grains. We can also see the lack
of uniformity in the thickness of the secondary austenite. The sec-
ondary austenite was mainly induced because of the depletion of
chromium arising due to dissolution of chromium rich alpha prime
precipitate in the ferritic phase.
Figs. 15 and 16 show the fractograph of the samples reversion
heat treated at 60 and 120 min respectively. 60 min reversion heat
treated sample showed ductile mode of fracture which indicates
that the (a + a0) precipitate is completely dissolved. But the frac-
tograph of 120 min reversion heat treated sample showed that it
was completely a brittle mode of fracture where we can see theFig. 9. Fractograph of 1000h aged impact sample.
Fig. 10. True stress vs. true strain after the various reversion heat treatments.
Table 3
Mechanical properties and restorative effectiveness of RHT.
Heat treatment condition 0.2% YS UTS (MPa) Ductility VHN
(MPa) %RE (MPa) %RE (%) %RE c-HVN a-VHN %RE
Solutionized (1070 C/60 min) 456 – 726  42  254 
Aged (475 C/1000h) 1022  1159  20  237 444 
Reversion (550 C/30 min) 727 52 932 52.4 31 50 315 387 30
Reversion (550 C/45 min) 606 73.4 839 73.9 38 81 306 314 68.4
Reversion (550 C/60 min) 528 87.3 746 95.3 39 86.4 266 264 94.73
Reversion (550 C/75 min) 552 83 780 87.5 33 59 249 298 76.84
Reversion (550 C/90 min) 604 73.9 790 85.2 34 63.6 267 375 36.31
Reversion (550 C 120 min) 629 69.4 844 72.8 34 63.6 295 394 26.31
Fig. 11. Variation of tensile properties with RHT time.
Fig. 12. Variation of restorative effectiveness with RHT time.
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mainly because of the formation of the R phase and the secondary
austenite.
For the austenite phase, the change in micro-Vickers hardness
after ageing was insignificant, whereas for the ferritic phase, the
increase in hardness was quite significant. This indicates that
embrittlement has occurred only in ferritic phase and the austeni-
tic phase remained ductile during the ageing process. There was a
reduction in micro-hardness values of the ferrite phase because theCr-rich alpha prime precipitate formed by the spinodal decomposi-
tion during ageing, was dissolved when the embrittled samples
were reversion treated and the variation of ferrite-microhardness
with reversion time is as shown in the Fig. 17. Sample reversion
heat treated for 60 min showedmaximum restorative effectiveness
of 94.73%. For the longer RHT specimens, it was observed that the
micro-hardness of the ferrite phase increased as the RHT time. This
is because of the formation of the precipitates such as, R-phase and
secondary austenite as shown in Figs. 13 and 14.
Table 4
EDS values obtained from 120 min reversion heat treated sample.
Cr Ni Mo
R phase 24.4 4.8 9.8
Secondary austenite 24 7 12
Fig. 13. Microstructure of 120 min reversion heat treated observed under SEM.
Fig. 14. Microstructure of 120 min reversion heat treated observed under SEM.
Fig. 15. Fractured surface of 60 min RHT tensile specimen.
Fig. 16. Fractured surface of 120 min RHT tensile specimen.
Fig. 17. Variation in micro-hardness values of ferrite and austenite phases with the
reversion heat treatment time.
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The effect of reversion heat treatment and its time on the
mechanical properties of the thermally embrittled S2205 duplex
stainless steels was studied and the following conclusions can be
drawn:
(1) When the samples were aged at 475 C for 1000 h the sam-
ples were severely embrittled because of the formation of
the Fe-rich a and Cr-rich a0 prime precipitates in the ferritic
phase which is mainly due to the spinodal decomposition
mechanism.
(2) In aged condition yield strength was increased by 56% and
ultimate tensile strength was increased by 60% accompanied
by 55% loss in ductility. This can be attributed to the
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in the ferritic phase which reduced ductility and increased
the resistance to the neck formation.
(3) The mechanical properties were restored when the embrit-
tled samples were subjected to reversion heat treatment at
550 C because ferrite gets homogenized at this elevated
temperature which is above (a + a0) miscibility gap. In other
words Cr-rich alpha prime and Fe-rich alpha precipitates get
dissolved into the ferritic phase.
(4) Samples when reversion heat treated at 550 C for 60 min
had a maximum restorative effectiveness that is 87.3% for
yield strength, 95.3% for ultimate tensile strength and
86.4% for ductility. These results can be attributed to the dis-
solution of the Fe-rich a and Cr-rich a0 prime precipitates in
the ferritic phase which resulted in the decrease in disloca-
tion pinning sites, which in turn lead to the increase in the
ductility.
(5) Extending the reversion time beyond 60 min leads to the
increase in strength and decrease in the ductility mainly
because of the formation of secondary austenite and
R-phase. These precipitates acted as dislocation substruc-
tures which in turn affected the mechanical properties.
(6) The restorative effectiveness of 100% could not be achieved
by the reversion heat treatment because of the residual
inhomogeneities which arise in the ferrite phase due to Cr
and Mo atoms which are part of precipitates not being
redistributed. However, it was found that a reversion heat
treatment of 60 min yielded optimum results in terms of
recovery of tensile properties.References
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